Characteristic relationship between the maximum Josephson current and the c-axis conductivity observed for intrinsic Josephson junctions in Bi-Sr-Ca-Cu-O by Suzuki, M et al.
Title
Characteristic relationship between the maximum Josephson
current and the c-axis conductivity observed for intrinsic
Josephson junctions in Bi-Sr-Ca-Cu-O
Author(s)Suzuki, M; Hamatani, T; Yamada, Y; Anagawa, K; Watanabe,T




(c)2005 IEEE. Personal use of this material is permitted.
However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new
collective works for resale or redistribution to servers or lists,
or to reuse any copyrighted component of this work in other




IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 15, NO. 2, JUNE 2005 189
Characteristic Relationship Between the Maximum
Josephson Current and the c-Axis Conductivity
Observed for Intrinsic Josephson Junctions in
Bi-Sr-Ca-Cu-O
Minoru Suzuki, Takashi Hamatani, Yoshiharu Yamada, Kenkichi Anagawa, and Takao Watanabe
Abstract—The maximum Josephson current (MJC) is mea-
sured for small mesas fabricated on cleaved surfaces of
B2Sr2CaCu2O8+ single crystals. It is found that the MJC
increases dramatically with increasing c-axis conductivity. The
behavior indicates that the MJC is proportional to the square of
the -axis conductivity. This implies that the superconductivity in
high- c superconductors is likely to be inhomogeneous.
Index Terms—Bi-Sr-Ca-Cu-O, high-temperature superconduc-
tors, Josephson junctions, tunneling spectroscopy.
I. INTRODUCTION
Apuzzling property of high- superconductors is theanomalous smallness of the maximum Josephson current
(MJC). This has been observed for a variety of Josephson
junctions made of high- superconductors. The observed
MJC is smaller by nearly an order of magnitude than the
value expected by the Ambegaokar-Baratoff (AB) theory [1].
This may imply that the interface of a Josephson junction is
imperfect and causes deterioration of the superconducting (SC)
order parameter in its vicinity, which leads to the reduction of
the MJC. It may also imply that the symmetry of the SC order
parameter is of -wave type [2] so that the MJC is reduced
when compared with the case of -wave symmetry. However,
the relative decrease in the MJC expected in this case does
not amount to . A particular configuration of the order
parameter at the junction interface may give rise to a very small
MJC. Such a configuration is, however, very difficult to find
commonly in a variety of Josephson junctions. Therefore, it
is totally unknown whether the reduced MJC is caused by the
degraded junction interface or by a particular configuration of
the order parameters on both sides of the junction, or by an
unknown origin.
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Although the fabrication technique of the Josephson junc-
tions has been improved [3], the quality of artificial Josephson
junctions is still insufficient for the test of the theoretical model.
However, intrinsic Josephson junctions (IJJ) [4], [5] observed in
(Bi-2212) single crystals are considered to
be ideal ones for this test. The tunneling barrier of the intrinsic
Josephson junctions is the crystal structure itself so that there
is basically no disorder or degradation in the SC order param-
eter. The current-voltage characteristics observed for
these IJJ’s exhibit deeply hysteretic tunneling behavior, which
has never been observed for artificial Josephson junctions. Very
small leakage current in the tunneling characteristics for these
intrinsic Josephson junctions reinforced the ideal junction inter-
face. With these ideal Josephson junctions, it becomes possible
to elucidate the cause of the reduced MJC in high- supercon-
ductors.
In order to observe the MJC, it is necessary to fabricate small
size junctions comparable or smaller than the Josephson pene-
tration depth , the value for which is not necessarily definite at
present. According to Latyshev et al. [6], 20 is the crossover
length from small junctions to large junctions. We follow their
argument and fabricated junctions of the size of 10 square
or 5 square. In the AB theory, the MJC is expressed as
(1)
where is the SC order parameter or SC gap, and and
are the normal tunneling resistance and the MJC, respec-
tively, both across unit area. is measured by interlayer
tunneling spectroscopy [7], which makes use of IJJ’s, whereas
is obtained from the -axis resistivity with a small as-
sumption. Previous studies have shown that the theoretical pre-
diction of the MJC density is much greater than values actually
observed by more than one order of magnitude. It is found in this
study that the same behavior is observed for IJJ’s. Therefore, it
is likely that the quality of the tunneling barrier is not a major
cause of the reduced MJC in high- Josephson junctions. We
need to seek for a different cause other than the tunneling bar-
rier as the origin of the reduced MJC.
In the present study aiming at a further elucidation of the
origin of the reduced MJC, we varied the tunneling resistance
by changing the oxygen content and observed a change
1051-8223/$20.00 © 2005 IEEE
190 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 15, NO. 2, JUNE 2005
in the MJC at 10 K as a function of . If changes pro-
portionally to , it follows that the tunneling barrier
plays a dominant role in the reduced MJC. In reality, however,
it is found that this is not the case but the MJC increases much
more rapidly than , while decreases with the
increase in . This behavior is totally unexpected because a
decrease in usually implies a decrease in the MJC. From
these considerations, it necessarily follows that this behavior is
inexplicable in terms of a homogeneous superconductor. A sim-
ilar behavior was observed in the system
[8]. Therefore, it is highly likely that high- superconductors
are inhomogeneous in nature and the degree of inhomogeneity
is suppressed when the doping level is increased.
II. SAMPLE FABRICATION
Small and very thin mesa structures with a square edge size of
5 or 10 and a typical thickness of 15 nm were fabricated on
a cleaved surface of Bi-2212 single crystals grown by the trav-
eling-solvent-floating-zone method. The mesa thickness corre-
sponds to a stack of 10 IJJ’s. The standard Ar ion milling and
photolithography were employed for the mesa fabrication. Prior
to the fine processing, a Au/Ag double layer was evaporated on a
fresh cleaved surface. Then the crystals were annealed in an ap-
propriate atmosphere. The carrier doping level of the samples
was controlled by the annealing atmosphere and temperature.
Underdoped samples were obtained by annealing in vacuum
and overdoped samples were obtained in flowing oxygen at an-
nealing temperatures ranging from 390 to 430 for 25 to 60
min. In this way, we obtained mesa structures with values
ranging from 18 to 97 at 300 K. The lowest SC transition
temperature attained was 50 K for the underdoped samples.
The sample electrode configuration is of the three-terminal
type. This three-terminal configuration was adopted to provide a
good heat flow channel to the upper Au electrode at the expense
of the contact resistance. Nonetheless, the self-heating due to
the injection of current is not negligible, especially when the
doping level is high and is small. In this case, the influence
of the self-heating on the magnitude of the SC energy gap is
estimated to be approximately 3% or less based on the numerical
calculation and experimental analysis [9].
Values for were obtained by the short-pulse interlayer
tunneling spectroscopy [7], [10]. The pulse waveform is com-
posed of a rectangular pulse and half-wavelength sinusoidal
parts placed before and after the rectangular pulse. This pulse
shape was adopted to suppress puncture breakage at high ap-
plied voltages [11]. The other details were described elsewhere
[11], [12].
III. EXPERIMENTAL RESULTS
A. Current-Voltage Characteristics for
Mesa Structures
Fig. 1 shows an oscilloscope photograph for the
characteristics for an underdoped sample with a of 60.4 K
and a medium , demonstrating resistive branches of distinct
number of , where indicates the number of intrinsic
Josephson junctions connected in series. A finite contact re-
sistance is also seen in Fig. 1. The critical current , from
Fig. 1. Oscilloscope image of I V characteristics at 10 K for an underdoped
mesa sample of T = 60:3 K. X-axis: 50 mV/div. Y-axis: 100 A=div.
Fig. 2. I V characteristics by the short-pulse method for the sample in Fig. 1
at various temperatures. V denotes the single junction voltage.
which the MJC is evaluated, is determined from Fig. 1 to be
approximately 140 for this sample. The value for ex-
hibits a scatter from branch to branch, and the one presumably
for the outermost junction, tends to be smaller significantly
than others, probably caused by possible damages during the
fabrication process. Except for these smaller ones, values for
are nearly constant with a scatter less than 10%. The critical
current density is determined from by dividing by the
junction area actually observed with a microscope since the
junction area had also a significant scatter of 0 to approximately
30%.
B. Normal Tunneling Resistivity and -Axis Resistivity
The characteristics by the short-pulse method is shown
in Fig. 2, where the abscissa denotes the single junction
voltage. Significant extensive nonlinear curvature is seen both
below and above . From the characteristics at large
, where the curves are almost linear in , values for the
normal tunneling resistance are determined. In the present
case, however, is not necessarily immediately clear from
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Fig. 3. Temperature dependence of  and  for the sample in Fig. 1. The
dashed line indicates an extrapolation of  to 300 K.
Fig. 2. Therefore, we take the value of static resistance at the
highest value in the curve observed. From these
values, we obtain values for the normal tunneling resistivity
, where is the mesa area and is the mesa
thickness. These values are plotted in Fig. 3 as a function
of temperature , together with the -dependence of -axis
resistivity (mesa resistivity) , which was measured at a bias
current of 5 . The thickness needed for the calculation of
was determined from the number of series connected IJJ’s
observed in the characteristics. It is seen that is close
to at 300 K. The difference is partly due to the error involved
in the determination of and to the contact resistance, which
is inferred to be approximately 10% at 300 K from this figure.
The dependence of is also shown in Fig. 3, presenting a
sharp contrast to . The semiconductive dependence for
is due to the nonlinear curve due to the presence of the
pseudogap and has little relevance to .
C. Tunneling Characteristics
Fig. 4 shows a set of curves obtained by numer-
ically differentiating the curves in Fig. 2. denotes the
single junction voltage again. Unlike the cases for optimally-
doped or slightly-overdoped samples [7], the SC peak is less
pronounced and the background becomes profoundly enhanced
with a significant voltage and temperature dependence. This be-
havior is commonly seen in underdoped samples. Furthermore,
the tunneling conductance in underdoped samples ex-
hibits a characteristic dip-and-hump structure below , which
is not observed for slightly overdoped samples.
The dashed line in Fig. 4 indicates the curve at
60 K close to . Above , it is seen that the tunneling conduc-
tance curve demonstrates a significant pseudogap structure. The
pseudogap magnitude for the optimally doped and slightly over-
doped samples is close to [10]. In the present study, the
pseudogap for this underdoped sample is found to be approxi-
mately 200 meV or higher.
Fig. 4. dI=dV   V characteristics for the sample in Fig. 1. The dashed line
indicates the characteristics near T . V denotes the single junction voltage.
The superconducting gap magnitude is determined
from these characteristics to be 78 mV as half the peak sepa-
ration at 10 K. Values of for samples with different
doping levels are plotted in Fig. 5 as a function of . It is clearly
seen that tends to decrease as increases. The impli-
cation of plotting against is explained in the next section.
D. Maximum Josephson Current
Values of the MJC density for samples with different
doping levels are plotted as a function of in Fig. 5. As sug-
gested earlier [12], [13], increases rapidly as increases.
In particular, for a sample with , exceeds
4000 , an order of magnitude larger than that for an
underdoped sample.
IV. DISCUSSION
A. -Axis Conductivity as a Doping Parameter
In the preceding section, it was shown that is nearly equal
to at 300 K. Since the electrical conduction in the -axis
direction is considered to arise via the tunneling between the
planes, we assume that the carrier concentration is pro-
portional to the -axis conductivity . This is based on
the idea that the carrier concentration is proportional to the den-
sity of states when the dispersion is suppressed in the tunneling
direction and that the tunneling conductance is proportional to
the density of states. In an inhomogeneous case, like a recent
model [14] proposed for high- superconductors, the area of
the conductive region is considered to be proportional to the car-
rier concentration. Therefore, it follows that is approximately
proportional to the carrier concentration whether the system is
described by the conventional model or newly proposed topo-
logically inhomogeneous model. Based on this idea, we regard
the -axis conductivity as the main parameter representing the
carrier concentration or carrier doping level.
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Fig. 5. MJC density J , the SC gap 2 , and the theoretical MJC density
obtained by using  and 2 . The dashed lines are the guides to the eyes.
Thus, when increases, it means that the carrier doping level
is increased. In this sense, Fig. 5 indicates the doping depen-
dence of and . In the present study, decreases from
97 to 18 , which implies increases from 0.01 to 0.056
, as the carrier doping level increases. This change in
corresponds to the change in the hole density from
to 0.18.
B. Characteristic Relationship Between and
Using the values obtained for and , we calculated
the low temperature MJC, i.e., using (1). The re-
sults are plotted in Fig. 5. It is clearly seen that the observed
is approximately one order of magnitude smaller than the AB
theory. Furthermore, increases much more rapidly than the
tendency expected by the AB theory. This behavior cannot be
explained in terms of the usual concept of homogeneous super-
conductors, but is likely to be explicable only by invoking the
concept of inhomogeneous superconductivity.
In the present model, sheets are considered to be inho-
mogeneous and composed of SC and nonsuperconducting re-
gions on a very fine scale. Let be the fraction of the SC area.
Then is proportional to the carrier concentration, so that it ap-
proximately follows that . In the present model, it is very
important that the Josephson current flows only in the local area
where both sides of the IJJ barrier are superconducting. There-
fore, it is simply conjectured that the Josephson current is pro-
portional to rather than , i.e., . Then it follows
that . This relationship should be compared with the
experimental result shown in Fig. 5. Clearly, the experimental
data shows a strong tendency to obey this relationship. This in-
dicates that the SC state in high- superconductors is likely to
be inhomogeneous in its nature. This inhomogeneous nature ap-
pears to diminish when the doping level increases because the
fraction increases. Therefore, overdoped superconductors are
expected to exhibit normal SC behavior like conventional su-
perconductors. This is actually the case for the tunneling spec-
troscopy results [10].
The experimental data for MJC in IJJ’s has shown that
. From this relationship we obtain , and
finally , which is commonly observed for artificial
Josephson junctions [15]. Thus the characteristic relationship
between MJC and is likely to be essential in high- super-
conductors.
V. CONCLUSION
The maximum Josephson current density and the SC gap
are measured for small mesas fabricated on cleaved surfaces
of single crystals with various carrier doing
levels and -axis conductivities. It is found that increases dra-
matically with increasing -axis conductivity. The behavior in-
dicates that is proportional to the square of the -axis con-
ductivity. This implies that the superconductivity in high- su-
perconductors is likely to be inhomogeneous.
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